Female insects of diverse orders bore into substrates to deposit their eggs. Such insects must overcome several biomechanical challenges to successfully oviposit, which include the selection of suitable substrates through which the ovipositor can penetrate without itself fracturing. In many cases, the insect may also need to steer and manipulate the ovipositor within the substrate to deliver eggs at desired locations before rapidly retracting her ovipositor to avoid predation. In the case of female parasitoid ichneumonid wasps, this process is repeated multiple times during her lifetime, thus testing the ability of the ovipositioning apparatus to endure fracture and fatigue. What specific adaptations does the ovipositioning apparatus of a female ichneumonoid wasp possess to withstand these challenges? We addressed this question using a model system composed of parasitoid and pollinator fig wasps. First, we show that parasitoid ovipositor tips have teeth-like structures, preferentially enriched with zinc, unlike the smooth morphology of pollinator ovipositors. We describe sensillae present on the parasitoid ovipositor tip that are likely to aid in the detection of chemical species and mechanical deformations and sample microenvironments within the substrate. Second, using atomic force microscopy, we show that parasitoid tip regions have a higher modulus compared with regions proximal to the abdomen in parasitoid and pollinator ovipositors. Finally, we use videography to film wasps during substrate boring and analyse buckling of the ovipositor to estimate the forces required for substrate boring. Together, these results allow us to describe the biomechanical principles underlying substrate boring in parasitoid ichneumonid wasps. Such studies may be useful for the biomimetic design of surgical tools and in the use of novel mechanisms to bore through hard substrates.
INTRODUCTION
The ability of female insects to find and access suitable oviposition sites is a key challenge for the successful growth and propagation of new hatchlings. Female insects of many diverse orders, such as locusts (Order: Orthoptera), damsel flies (Order: Odonata), wasps (Order: Hymenoptera) and others deposit their eggs in a substratum that either provides them with protection (Kalogianni, 1995; Vincent, 1976; Matushkina and Gorb, 2007; Vincent and King, 1995; Quicke et al., 2004) or serves as a nursery for maturing eggs while also providing nourishment to the developing larvae. For such insects, substrate boring is an essential feature of the ovipositioning behaviour, requiring them to overcome several biomechanical
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Department of Mechanical Engineering, Indian Institute of Science, Bangalore 560012, India. constraints. Substrate-boring insects typically possess externally occurring valve-like structures in their ovipositor, which penetrate and cut the host substrate to enable deposition of their eggs. The ovipositor itself consists of three parts including two ventral valves and one dorsal valve interlocked to allow sliding between the valves, which permits boring and egg deposition . In contrast, internal structures of the insect body pierce, and steer the ovipositor to deliver eggs to the substrate (Vincent and King, 1995; Quicke et al., 1999) . In members of Hymenoptera, such as wasps, the ovipositor may also act as a sting to inject venom into other live hosts (Rahman et al., 1998; Gal and Libersat, 2010 ) using a cocktail of neuromodulators to ensure that the host behaviour is altered to benefit the parasitic brood. Multiple ovipositions within substrates using the same bored hole may require the insect to steer and manipulate eggs through the ovipositor guided by mechanosensory and chemosensory feedback. Specialized mechanosensory campaniform sensillae, distributed at various locations on the surface of the insect cuticle (Sivinski and Aluja, 2003) , are capable of detecting nanometre displacements. Rhythmic mechanosensory feedback from campaniform sensillae may be essential for initiating the ovipositor motor patterns through the differential response of ovipositor hair sensillae to tactile stimulation (Zill and Moran, 1981) . In addition to mechanical signals, chemotactic stimuli are also known to aid parasitoid wasps in locating areas containing host larvae.
From a materials perspective, the insect ovipositor is a fascinating system whose properties are not fully understood. The ovipositors of wood-boring wasps show little evidence of wear and tear of their cutting parts . It is hypothesized that the presence of zinc and manganese hardens the insect cuticle and permits it to cut through hard substrates such as wood Hillerton and Vincent, 1982; Fawke et al., 1997) . However, the distribution of metals in insect ovipositors and their direct correlation with local material properties has not been explored to date. Here, using the fig wasp system, we employed a scanning electron microscope (SEM) with an energy dispersive Xray analysis detector to characterize the composition and morphology of the fig wasp pollinator and parasitoid ovipositor system and coupled these measurements with atomic force microscope (AFM) indentation experiments to quantify their local material properties. To assess deformations of parasitoid ovipositors during egg laying, we filmed the wasps while they were boring through fig substrates. These films were then quantified to measure the buckling properties of the ovipositor. Together, our studies identify key morphological adaptations in both pollinator and parasitoid fig wasp species that help overcome the challenges faced by these insects during oviposition. Such studies may have wide-ranging applications for the development of tissue probes during robotic assisted surgeries, needle biopsies using functionally graded tools, the design of biomimetic structures through the use of embedded holes as strain sensors (Skordos et al., 2002) , and increasing the toughness of tools with large aspect ratios.
RESULTS

Differences in the morphology and composition of fig wasp pollinator and parasitoid ovipositors
Scanning electron micrographs showed striking differences in the morphologies of pollinator and parasitoid ovipositors, which may be adaptations to the different requirements during oviposition (Fig. 1) . Pollinators oviposit in flowers present in the fig syconium (Ghara et al., 2011) whereas parasitoids bore through the relatively hard fig syconia to oviposit. Both dorsal and ventral valves of pollinator ovipositors are relatively smooth with a spoon-like morphology in contrast to the sharp and long parasitoid ovipositors with teeth-like projections at the tip, which increase in size towards the proximal end. In addition, campaniform sensillae appear concentrated at tips of pollinator ovipositor ventral valves (Fig. 1C,E) , whereas coeloconic and campaniform sensillae are more uniformly distributed along the length of the ventral valves of parasitoids (Fig. 1B,C) as compared with the tip regions alone. The diameter of pollinator ovipositors, measured using five different SEM micrographs, at regions far from the tip and proximal to the abdomen, referred to as 'remote' for brevity, was 9.43±0.42 μm (N=5) and that near the tip regions was 9.54±0.60 μm. In contrast, the diameters of the parasitoid ovipositors increased to 14.32±0.63 μm (N=5) at the tips compared with 9.73±1.40 μm in the remote regions.
Both pollinator and parasitoid species have three valves interlinked by rail guide-like structures using dovetail joints (Fig. 2) that aid in the inter-sliding of the individual valves through an olistheter mechanism (Quicke and Fitton, 1995) . Thus, the substrates for oviposition are clearly different in the two species although the mechanisms used by them may be similar. Micrographs also showed the presence of one set of sensillae on the pollinator ovipositor whereas the parasitoid ovipositor had more than one type of sensilla. In an earlier study, sensillae on the parasitoid ovipositor were identified to be basiconic, coeloconic and campaniform (Ghara et al., 2011) .
Pollinator and parasitoid species were assayed for the possible presence of transition metals at the ovipositor tip and remote regions using an energy dispersive X-ray analysis (EDS) detector in the SEM. We did not find calcium or other metals in pollinator ovipositors but there was an increased presence of zinc in parasitoid tips alone. Representative curves corresponding to pure zinc control, pollinator and parasitoid materials are shown in Fig. 3 . X-ray spectra from the pure zinc pellet and the parasitoid tip regions show a perfect overlap in peaks corresponding to the K and L lines of zinc compared with other samples. Using X-ray counts obtained in the different regions, our data show that parasitoid ovipositor specimens had a weight percentage of zinc of 7.19±3.8% (N=42) in the tip regions, which was significantly higher (P<0.05) than that in pollinator and parasitoid remote regions (<1%; N=10). Because weight percentages of zinc in remote regions are within errors obtained using EDS detectors, we do not give exact numbers for values <1%. Based on these results, we hypothesize that the presence of zinc exclusively in the cutting regions of the parasitoid tips results in an increased hardness to aid boring through substrates.
Mechanical properties of pollinator and parasitoid ovipositors
Images of pollinator and parasitoid ovipositor specimens, obtained using the tapping mode in AFM, show clear differences in the surface topography of parasitoid ovipositors in the tip and remote regions proximal to the abdomen, which correlate with corresponding SEM images (Fig. 4) . Pit-like areas are abundant in remote regions of parasitoid ovipositors, which are clearly absent in the tip regions of parasitoid and pollinator wasps. The pit diameter in remote regions of the parasitoid ovipositors was 275.3±57.6 nm (N=9) at four locations for each AFM image used in this study. We do not, however, see any substructure to the pit-like regions in these images. To quantify the material properties of the ovipositor samples, we used the indentation mode in the AFM. Because of possible errors associated with the measurements due to high surface roughness (R a ), we used the automated software in the AFM prior to the measurement of material properties to quantify R a for the ovipositor surfaces. Surface roughness of pollinator and parasitoid ovipositors in the remote regions was 2.34±1.37 nm (N=9) and 2.43±0.79 nm (N=9), respectively. In contrast, roughness of the tip parasitoid region was significantly higher (9.67±4.92 nm; N=9) than the corresponding remote region of parasitoid ovipositors (P<0.05). Typical force-depth curves from experiments performed on a single pollinator and parasitoid ovipositor specimen are shown in Fig. 5Bi and 5Bii, respectively. We obtained a highly reproducible mechanical response for the pollinator cuticle samples. In contrast, data from the tip regions of parasitoid ovipositors show a larger variance between individual indents, which may be related to higher roughness values in these regions. Further, tip regions of parasitoid specimens have a clearly stiffer material response, seen by the reduced penetration depth, compared with remote regions.
To quantify these responses, we fitted the experimentally obtained force-depth relationships to theoretically calculated values using a Hertzian contact mechanics model and a non-linear least squares fit method as described in Materials and methods. There were no significant differences (P<0.05) in elastic moduli (E), calculated using Poisson's ratio ν=0.37, from the remote region of pollinator ovipositors (0.92±0.16 GPa) compared with corresponding remote regions from parasitoid ovipositors (0.73±0.19 GPa) (Table 1) . However, we found significantly higher values for moduli (1.42±0.29 GPa) for the tip regions of parasitoid ovipositors in comparison with data from remote regions of parasitoid and pollinator ovipositor materials (P<0.05). Finally, we used these measured properties to calculate the material hardness for the different regions in parasitoid and pollinator ovipositors. Although we did not see any differences in moduli corresponding to the remote regions of parasitoid and pollinator ovipositors, we note SEM images (lower panels) are also included to show the corresponding surface topographies, obtained at lower magnification, which agree with the results from AFM.
significant differences in their calculated hardness. Hardness values (0.50±0.11) for the parasitoid tip were higher (P<0.05) than those for the corresponding remote region (0.32±0.06). We also found significant differences in the hardness of the pollinator ovipositor (0.18±0.02) compared with the hardness of parasitoid material (P<0.05).
Parasitoid wasp oviposition on fig substrates
Parasitoids patrol the fig syconia and tap the surface periodically with their antennae to locate embedded hosts within the substrate (Broad and Quicke, 2000) . Through such a vibrational sounding behaviour the insect may use a combination of chemical and mechanical cues to identify a suitable substrate for oviposition. Upon selection of the site for oviposition, the insect raises her abdomen and anchors her ovipositor to the substrate using her hindlegs (supplementary material Movie 1). Finally, she uses a vibratory mechanism to drill through the syconium. We found that the total time taken for each oviposition varied between 109 and 744 s (N=29; mean 297±156 s), which may depend on substrate stiffness, the number of eggs deposited during a single penetration and the location of the pollinator larvae. Abdominal displacements occur in the plane perpendicular to the axis of drilling. Following sheath removal and initial anchoring, we observed periodic buckling of the insect ovipositor at several time points during a single penetration event into the substrate for oviposition. This causes the insect to partially retract the ovipositor about 2-7 times whilst using the same bored hole for oviposition. Oviposition videos were digitized and the buckling length of the ovipositor was determined to be 0.48±0.09 mm (N=12) using ImageJ software (Fig. 6 ). Micrographs from five other animals were used to obtain ovipositor diameters from which the critical buckling force was estimated (Eqn 9 in Materials and methods). Using the average values for the modulus, buckling length and diameter of ovipositors, we calculated that 6.9 μN of force was required to cause ovipositor buckling.
DISCUSSION
The ovipositor design facilitates egg laying by attenuating penetration forces to cut through the substrate, while allowing for its manipulation within the substrate, and minimizing structural damage to the ovipositor. The primary aim of our study was to quantify the structure-function relationship in insect ovipositors to understand how it enables insects to bore through substrates of different stiffness. There are four main implications of this work. First, we Elastic moduli (E) were calculated using the force-depth curves performed at a number of different locations on each specimen, denoted as 'indents', using the AFM (see Materials and methods). Data are reported as means ± s.d.
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identified how the morphology of the pollinator and parasitoid ovipositors has adapted to the challenges faced by insects during ovipositioning in substrates of varied stiffness. Parasitoid ovipositor tips have a higher content of the transition metal zinc compared with the cuticle elsewhere on the ovipositor. In addition, various chemosensory and mechanosensory sensillae are present to help in the detection of chemicals and in strain sensing. Second, zinccontaining regions in the parasitoid ovipositor tips have higher moduli compared with remote regions proximal to the abdomen. Third, the ovipositor contains a region that allows buckling, thus preventing it from breaking on a hard surface during the drilling process. Calculation of the buckling forces, through a Euler buckling analysis of the videography data, were used to estimate the penetration forces generated by the insect during oviposition. Fourth, our studies suggest that insects use an oscillatory mechanism to cut through the substrate. Rail guides present between the dorsal and ventral valves of the ovipositors aid in the sliding of the valves during motion.
Comparison of the structure and composition of parasitoid and pollinator ovipositors
The morphology of fig wasp pollinator and parasitoid ovipositors shows clear differences in the ovipositor structure (Fig. 1) . Pollinator fig wasps have a spoon-like structure in contrast to the sharp and long ovipositors with teeth-like projections at the parasitoid ovipositor tip that are probably adapted for oviposition. Earlier studies examined the ovipositor morphology in various parasitic Hymenoptera and suggested that many morphological features in ovipositor structures are matched to specific host types (Quicke et al., 1999; Rahman et al., 1998; Fawke et al., 1997; Broad and Quicke, 2000; LeRalec et al., 1996) . These studies also showed the presence of transition metals, such as zinc, manganese and calcium, in the tips of the ovipositors using X-ray microanalysis. For instance, the ovipositors of the wood-boring wasps Megalyra fasciipennis and Diasthaphenus sp. contain zinc levels greater than 5% weight on serrations at the apex of the ovipositor tip (Vincent and King, 1995; Quicke et al., 1998) . In other parasitic wasps like Gabunia sp. and Heterospilus prosopidi, the presence of calcium in the ovipositor tips enables high wear resistance through biomineralization (Quicke et al., 2004) . Most other reported wasp species have higher amounts of zinc and/or manganese in their ovipositors Vincent and King, 1995; Polidori et al., 2013; Quicke et al., 2004) . Similarly, the presence of transition metals in larvae mandibles of Stegobium paniceum and Gibbium aequinoctiale species of beetles aids in boring into hard seeds as oppposed to others without metals, which are incapable of seed boring (Morgan et al., 2003) . The presence of transition metals in insect cuticle and mandible is hypothesized to increase material hardness to permit cutting through hard substrates with minimal wear (Schofield et al., 2002; Schofield et al., 2003; Lichtenegger, 2003; Quicke et al., 1998; Hillerton and Vincent, 1982; Fawke et al., 1997) . Although repeated use of the ovipositor when boring through stiff substrates is expected to cause increased wear in the interacting surfaces, the ovipositors of wood-boring wasps show little evidence of wear and tear of their cutting parts . We used an AFM to image the ovipositor surface and also characterize the material properties using an indentation mode. The topology of the insect cuticle is significantly different in tip and remote regions of parasitoid ovipositors (Fig. 4) compared with the smooth regions of the pollinator cuticle. The ovipositor surface has a smoother region with roughness of only a few nanometres in the remote regions of parasitoid and pollinator ovipositors. However, pit-like indents present in the remote regions of parasitoid ovipositors are clearly absent in pollinator ovipositors. The pit dimensions, measured using SEM images at over 20 locations each, were about 251.07±21.59 nm (N=3) in length and appear in remote regions of the parasitoid ovipositor alone. The presence of rough pitlike regions, called pore canals, has been reported in the cuticle of beetles; they extend through the thickness of the cuticle and are hypothesized to aid in the transfer of wax for waterproofing (Gunderson and Schiavone, 1989) . Chitin nanofibres form the bulk of the cuticle material and are moulded around hole-like structures during development. Hierarchical structures, composed of essentially brittle materials combine to produce exceptionally tough and fracture-resistant hybrid materials like bone and tooth dentin. Microvoids in these materials act as local crack arrestors, thereby generating higher toughness (Imbeni et al., 2005) . Because parasitoid ovipositors generate large forces, compared with those of pollinators, to pierce relatively hard substrates, the presence of pitlike regions in the proximal ovipositor regions may enhance their toughness to withstand forces during boring.
Material properties of pollinator and parasitoid ovipositors
Indentation measurements performed using AFM show clear differences in force-displacement data from the tip and remote regions of parasitoid ovipositors (Fig. 5) . However, we did not see any significant differences in measurements from remote regions of parasitoid and pollinator ovipositors located proximal to the insect abdomen. Experimental force-displacement results were fitted to a Hertzian contact mechanics model to quantify differences in material hardness as described earlier (Table 1) . Our results show that tip regions of parasitoid ovipositors have a significantly higher modulus and a correspondingly higher hardness than the remote regions of parasitoid and pollinator ovipositors, respectively. The higher moduli for parasitoid tips compared with remote regions correlates with the presence of zinc in tip regions of the ovipositors. The parasitoid ovipositor tips are also sclerotized as observed by the darkened cuticle at the tips compared with the remote regions (Ghara et al., 2011) . During sclerotization, epidermal cells of the cuticle secrete phenolic compounds that lead to crosslinking of proteins and removal of water from the cuticle matrix (Vincent and Wegst, 2004) . Andersen showed that secondary reactions caused by removal of water from the insect cuticle play a dominant role in contributing to the stiffness of the material as compared with processes that remove phenols through chemical treatment (Andersen, 2010) . In this study, we prepared ovipositors for mechanical experiments using an ethanol dehydration procedure that leads to a stiffer material response compared with native fresh insect cuticle (Müller et al., 2008; Barbakadze et al., 2006; Schofield et al., 2002; Klocke and Schmitz, 2011) . Ethanol storage of insect specimens was, however, unavoidable because of limitations with acquiring insects and in sample preparation for measurement of mechanical properties using AFM. Because ethanol treatment may not affect the bound zinc from cuticle material, our results showing the increased hardness of parasitoid ovipositor tips compared with their remote regions are nevertheless important to demonstrate the role of zinc and sclerotization in cuticular hardness.
Broomell and co-workers probed the relationship between the presence of various transition metals, such as zinc, copper and manganese, and the hardness and stiffness of biological materials through differential zinc chelation and its replacement with different metals in a model marine polychaete annelid jaw, Nereis virens (Broomell et al., 2006; Broomell et al., 2008) . Using nanoindentation of treated jaw material, they showed an increased hardness in materials that had about 8% weight of zinc. The increase in hardness of insect cuticle was also hypothesized to be related to the crosslinking of histidine-rich protein fibre bundles in the biomaterial mediated through zinc. Higher material hardness of ant mandibles also correlates with the presence of metal in articulating surfaces (Schofield et al., 2002) . EDS used in our study is a semiquantitative method for estimation of zinc, but revealed clear differences in the composition of parasitoid ovipositor tips compared with other non-cutting regions of the ovipositor. However, there is little direct evidence of increased material hardness due to the presence of transition metals, such as zinc, reported in any insect ovipositor specimens, especially ones with dimensions of about 10 μm such as that reported in our study. These are the only structure-property correlations reported in Hymenoptera that provide direct confirmation for the increased elastic modulus of zinc-containing regions compared with remote regions devoid of zinc.
Biomechanical considerations in substrate boring
The parasitoid ovipositor buckles frequently during oviposition (Fig. 6 ) without fracture, demonstrating the flexibility of its structure. We estimated critical buckling load generated by the parasitoid during oviposition to be about 6.9 μN, calculated using a length of 0.48 mm, a radius of the ovipositor at the remote regions of 9.73 µm and an elastic modulus of 0.73 GPa, which is the maximum force generated by insects during oviposition. To facilitate multiple ovipositions using the same bored hole and to select the path of least resistance when confronted with different substrate densities, it may be necessary to steer the ovipositor inside the syconium. Thus, a combination of tip hardening to reduce wear and increased ovipositor flexibility are two of the strategies employed in the design of the ovipositor to achieve successful boring through substrates. We observed the presence of three valves composed of two ventral valves interlocking with a single dorsal valve for the pollinator and parasitoid fig wasp species, similar to other ovipositors reported for Hymenoptera. Rail guide structures (Fig. 2) on the dorsal and ventral valves allow for translation of the ovipositor structures through an olistheter mechanism, which has been described in other Hymenoptera (Quicke and Fitton, 1995) . Fig. 7 shows the curved trajectory taken by the ovipositor inside the plant syconium, which traverses a differential stiffness on its path inside the substrate. This was obtained by decapitating the insect at the end of oviposition. The curvature of the length of the dorsal valve compared with that of the ventral valve during sliding may aid in changing the direction of the ovipositor tip inside the substrate. In earlier studies, projections close to the apex on the ventral valves were hypothesized to act as stoppers to avoid the two ventral valves extending beyond the dorsal valve (Quicke and Fitton, 1995) . To limit maximum sliding movement between the dorsal and ventral ovipositor structures in the olistheter mechanism, while aiding movement inside the syconium, we explored the possible role of a currently unidentified sensilla, located about 40-55 μm from the ovipositor tip on the ventral valve, inside a groove in the ventral side along the length of the parasitoid ovipositor (Fig. 7) . We did not see such a sensilla at any other location along the groove of the two parasitoid valves or in the pollinator ovipositor (Ghara et al., 2011) . Recent investigations have used the deployment of steerable flexible tools in surgery through an insect-inspired drilling process (Frasson et al., 2010; Ko et al., 2011) . Hence, the presence of sensillae may aid in maintaining a steering offset to help manoeuvre the tool inside the substrate. Although such a process seems plausible, additional experiments are required to establish the role of this sensillum as a mechanical stopper.
In conclusion, we used a combination of scanning electron microscopy with indentation experiments from AFM to characterize the structure-function relationships in insect ovipositor materials. Through such methods, we show unique morphological adaptations in the ovipositors of parasitoid fig wasps to aid boring through hard substrates. Together, our findings reveal novel mechanisms used by insects in boring and also suggest the placement of multiple chemical and mechanical sensors that facilitate such processes.
MATERIALS AND METHODS
Model insect systems
Fig wasps were selected as a model in this study because interactions between various wasp species and the host plant (Ficus racemosa) present a well-characterized system for substrate boring (Ghara et al., 2011) . Fig  trees on the Indian Institute of Science campus provided ready access to wasps. The community of wasp species co-existing with F. racemosa consists of one pollinating species, Ceratosolen fusciceps (Mayr), which uses fig syconium to deposit eggs in addition to six non-pollinating species. Of the non-pollinating wasps, parasitoids (Apocrypta sp.2, Apocrypta westwoodi Grandi) identify viable fig substrates housing developing pollinator larvae and oviposit their eggs, which mature into adult parasitoid wasps that leave the syconium (Fig. 1) .
Fig syconia present in the wasp emerging D-phase were placed in a container to allow the natural emergence of all wasp species. Insects were collected and stored in 70% ethanol until use. The ovipositors along with their protective covering sheaths were dissected from the abdomen and carefully separated. Individual ovipositor samples were dried in an oven at 60°C for 20 min and prepared for microscopy.
Scanning electron microscopy with EDS detector to quantify ovipositor morphology and composition
Because of the relatively small dimensions of insect ovipositors, dehydration or freeze drying was not necessary for SEM imaging studies. Prepared ovipositors were carefully mounted on double-sided carbon tape (Electron Microscopy Sciences, USA), stuck on an aluminium stub, and placed in a desiccator to avoid contamination. Specimens were transferred to a sputter coater (Bal-Tec SCD 500, Liechtenstein), the chamber was purged thrice with argon and the samples were coated with gold. A SEM (Quanta 200 ESEM, FEI, The Netherlands) was used with accelerating voltages between 5 and 20 kV. Ovipositors were imaged and their surface features were characterized at different scales. ImageJ software was used for all dimensional quantification reported in this study (Abràmoff and Magalhães, 2004) .
To quantify the elemental composition of ovipositors, specimens were mounted on carbon tape without any gold coating and imaged in the SEM using an EDS detector. Spectra were collected using an accelerating voltage of 20 kV and at a working distance of 10 mm. Identification of individual peaks in a given spectrum was performed using custom-written software (Genesis, FEI) and a pure zinc sample was used as calibration material in this technique. The weight percentage of zinc quoted in the study is reported using a standardless method inbuilt in the software.
AFM for characterization of surface morphology and quantification of material properties AFM is widely used to image specimens, when used in tapping mode, and also to evaluate local nanoscale mechanical properties, using indentation mode, for a variety of materials including metals and polymers (Capella and Dietler, 1999) . In this method, a microfabricated cantilever is brought towards the specimen using a piezoelectric translation stage and the deflection of the cantilever tip (ξ) into the substrate is obtained. The force on the sample is measured using cantilever tip stiffness (k). Vertical translation of the sample towards the cantilever tip provides the approach curve used to obtain indentation of the tip with the sample (Fig. 5A) . Data from force-displacement curves were used to characterize the material behaviour using a Hertzian contact mechanics model. In this, the force (F) due to interactions between two spherical linear elastic bodies, representing the cantilever tip and the substrate with which it is in contact, is given by: where δ is the indentation depth, and A is a constant for a given tip geometry with spherical radius R:
Here, ν is Poisson's ratio for the sample and E is the elastic modulus of the material.
Material hardness (H) is given as ratio of the maximum load (P max ) in the force-depth curve to the projected area A c =2π Rh c (where h c is the contact depth) as:
The final depth of indentation (δ max ) is used to calculate A c (Oliver and Pharr, 1992) .
Experimental investigation of ovipositor specimens using the AFM
To determine the material properties and surface morphologies of ovipositor specimens, we used the AFM (Veeco dI Innova, USA) in both indentation and tapping modes. To permit easy visualization of the ovipositor specimens in the AFM without affecting mechanical measurements, ovipositor samples were mounted on a thin layer of Erase-X correction fluid applied to the AFM puck (Bhushan and Chen, 2006) . All experiments were performed using a diamond-like carbon (DLC)-coated silicon tip (stiffness 5 N m −1 , Veeco, USA) with a set voltage of 3.65 V and scanning frequency of 0.5 Hz to image about 4 μm 2 area with resolution of 256×256 pixels in a controlled environment (22-24°C). Roughness of the ovipositor surface was measured using height images following a first order level-set method using SPM software along three lines.
To quantify the elastic modulus of the ovipositor, we used AFM in the indentation mode (Fig. 5) . Locations for indentation were selected based on surface topography images. Rates of approach and retraction of the cantilever tip were maintained at 0.1 μm s −1 and the cantilevers were calibrated after every set of experiments to determine the spring constant (k), using the Sader thermal tuning method, for quantification of forces using voltage measurements. Sensitivity of the AFM cantilever, defined as the rate of piezoelectric movement per unit cantilever deflection (nm V −1 ), was calculated as the inverse slope of the approach curve on a standard silicon sample. Raw data from the approach curve were converted to force-depth relationships using MATLAB (v 7.8.0.347 R2009a). The minimum force
max c = was identified as the contact point of the tip with the surface in this study. Data obtained prior to this value were removed as there are no interactions between the tip and sample in this region. Voltage (V) corresponding to cantilever movement was converted to cantilever deflection (ξ) using sensitivity measurements (m) and is given by:
where m is the cantilever sensitivity. The depth of penetration (δ) is calculated using piezo position (Z) and cantilever deflection (ξ) as:
The applied force on the sample is hence calculated using a Hookean elastic response as:
Experimental force-depth data from AFM experiments were fitted to a Hertzian contact mechanics model (Eqns 1-3) using a non-linear least squares optimization method employing a Levenberg-Marquardt algorithm using the function lsqnonlin in MATLAB. In this method, at least five different initial guesses were used to arrive at converged solutions and the optimizations were terminated when either the tolerance placed on the objective function was less than 1E-10 or the tolerance placed on the estimated parameter values was less than 1E-8. Values corresponding to the maximum value of r 2 from various optimizations are reported as the global converged values in this study. To calculate the elastic moduli from the converged values of A (Eqn 2), we used the average tip radius of the cantilevers from a data sheet and assumed a Poisson's ratio of ν=0.37. Statistical analyses to test for differences in the different groups were performed using ANOVA with Bonferroni comparison using the multcompare function in MATLAB. P<0.05 is considered significant.
Videography of parasitoid wasp oviposition
Parasitoid oviposition was recorded on fig substrates in the field using a video camera (Sony HDR XR500) with an objective lens (Olympus 1XPF) kept at a distance of ~28 cm for suitable magnification. A thin wire of known diameter (0.83 mm), placed in the field of view following successful oviposition, was used for calibration. Images taken prior to buckling were used to measure the ovipositor length present between the hinge and the distal end of the ovipositor in the syconium surface. Buckling length (L) was estimated from the images using ImageJ and the critical load (P cr ) for buckling was calculated using the Euler buckling equation. In this method, we model the ovipositor as a cylindrical column and use the measured modulus (E), buckling length (L) and radius of the ovipositor (R) to obtain P cr as:
Here, I is the area moment of inertia [where I=(π R 4 )/16] and β=2 for a free end loading of the column.
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